The production of the button mushroom Agaricus bisporus with mycelium-colonized alginate pellets as an inoculant of the growing medium was investigated. Pellets having an irregular surface and porous internal structure were prepared by complexing a mixture of 1% sodium alginate, 2 to 6% vermiculite, 2% hygramer, and various concentrations of Nutrisoy (soy protein) with calcium chloride. The porous structure allowed the pellets to be formed septically and then inoculated and colonized with the fungus following sterilization. By using an enzyme-linked immunosorbent assay (ELISA) to estimate fungal biomass, the matrix components of the pellet were found to be of no nutritive value toA. bisporus. Pellets amended with Nutrisoy at a concentration of 0.5 to 8% supported extensive mycelial growth, as determined by significantly increased ELISA values, with a concentration of 4% being optimal and higher concentrations proving inhibitory. The addition of hydrated, mycelium-invaded pellets to the compost or casing layer supported the thorough colonization of the growing substrate and culminated in the formation of mushrooms that showed normal development and typical morphology. Yields and sizes of mushrooms were comparable from composts seeded with either colonized pellets or cereal grain spawn. Similarly, amending the casing layer with pelletized-mycelium-colonized compost resulted in a 2-to 3-day-earlier and more-synchronous emergence of mushrooms than with untreated casing. This technology shows the greatest potential as a pathogen-free inoculant of the casing layer in the commercial cultivation of mushrooms.
The button mushroom, Agaricus bisporus (Lange) Im- bach, is grown commercially in a composted mixture of wheat straw, manure, and other nitrogenous materials. Bioconversion of these raw ingredients into a nutritive substrate that will support the growth and development ofA. bisporus to the exclusion of other microorganisms occurs in an elaborate composting procedure (23) . In a process referred to as spawning, the prepared compost is seeded with the fungus to promote thorough mycelial invasion of the growing medium. Because A. bisporus does not produce a spore that can be used to produce mushrooms with the fidelity required for commercial-scale cultivation, prepared nutrient substrates that support mycelial growth and act as carriers to transport the fungus into the compost are utilized. This complex of a nutrient substrate and the mycelium is known as spawn. Throughout the history of mushroom cultivation, a variety of substrates, including manure, tobacco stems, and cereal grain, have been used in the preparation of spawn (20) . Today, cereal grain, either rye or millet, is used exclusively in the mushroom industry, because of its convenience and reliability.
Once the compost has been sufficiently colonized by the fungus, it is overlaid with a layer of peat, which is known as casing. Casing is a strict requirement for the formation of fruiting bodies in A. bisporus, although precisely how this triggers the transition from the vegetative state to the reproductive state of the fungus is unknown. As a variation of casing, the peat is mixed with a small proportion of A. bisporus-colonized compost, and then the mixture is applied to the compost (16) . This practice results in earlier, moreuniform formation of mushrooms and improved quality. * Corresponding author.
Within weeks of casing, mushrooms appear and continue to develop in a rhythmic fashion at weekly intervals.
The immobilization of microorganisms in solid support matrices, such as calcium alginate gel, has proven valuable for the increased production of industrially important secondary metabolites (2, 7, 9, 12, 19) . A divergent application of this technology is the incorporation of mycelium into alginate pellets for the delivery of soil-borne biocontrol fungi (8, 14, 15) . The major benefits of such a delivery system are a prolonged viability of the fungus in storage and an increased efficacy of the biocontrol agent in the field, presumably due to protection of the fungus by the alginate matrix from deleterious environmental factors. In this study, we describe methods for cultivating mushrooms of A. bisporus by using mycelium-invaded alginate pellets as an inoculant of the compost and casing. Unlike the conventional immobilization scheme, in which mycelium is entrapped in the pellets during formation and then dried, we report on a technique for the production of texturized alginate pellets which are then inoculated with the fungus and disseminated in a hydrated condition (18) . For the formation of pellets, the alginate mixtures were poured into a 12.5-cm-diameter funnel and constantly mixed with a motor-driven chain stirrer. The mixtures were extruded through 2-mm-diameter tubing under gravity flow into a 0.2 M aqueous CaCl2 solution that was being magnetically stirred. Pellets were cured for 20 min in the CaCl2 solution and drained for 20 min in a funnel lined with Miracloth (Calbiochem Co., La Jolla, Calif.). In experiments using an enzyme-linked immunosorbent assay (ELISA) to evaluate fungal biomass, 125-ml Erlenmeyer flasks, each containing 50 ml of pellets, were plugged with cotton and autoclaved for 45 min. For the production of inoculant used in cropping trials, 300 ml of pellets was contained in a 500-ml Erlenmeyer flask. After the flasks were cooled, free water that formed was decanted. Each flask was inoculated with either two 4-mm-diameter mycelial plugs or two grains of rye spawn. Flasks were placed at 24°C and shaken after 7 and 12 days of growth to redistribute the inoculum. Rye or millet grain spawn was prepared by standard procedures (20) .
MATERIALS AND METHODS
Preparation of anti-A. bisporus antibodies. Stationary cultures of A. bisporus were grown for 3 weeks in YPPS broth at 24°C. Mycelium was harvested by vacuum filtration and washed exhaustively with distilled water. Mycelium (0.5 g) was homogenized with a Dounce homogenizer in 1.5 ml of 0.05 M phosphate buffer, pH 7.0. One ml of the mycelial homogenate was emulsified with 1 ml of Fruend's incomplete adjuvant and administered subcutaneously at multiple sites along the back of a New Zealand White rabbit. Two more series of injections were administered at 1-week intervals. One week after the final injection, the rabbit was bled by cardiac puncture. Blood was allowed to clot overnight at 24°C, and the serum was clarified by centrifugation at 3,000 x g for 3 min. Gamma globulins were purified by column chromatography on CM Affi-Gel blue as described by the manufacturer (Bio-Rad Laboratories, Rockville Center, N.Y.) and conjugated to alkaline phosphatase (5) .
ELISA for the determination of mycelial growth on alginate pellets. The double-antibody sandwich version of the ELISA was carried out in microtiter plates (Costar Corp., Cambridge, Mass.) (5) . Coating gamma globulins were used at a concentration of 5 ,ug/ml and were incubated in the plate wells at 37°C for 3 h. To prepare test samples, 1 g of pellets was sampled from the total of 50 ml contained in a 125-ml flask and homogenized with a Brinkmann Polytron for 45 s in 9 ml of PBS-T-PVP (0.02 M phosphate, 0.15 M NaCl [pH 7.4] (24) .
Scanning electron microscopy. Alginate pellets were fixed, dehydrated, cryofractured, and dried at the critical point (10) . Specimens were coated with 28 nm of gold and viewed with a scanning electron microscope (model 60; International Scientific Instruments, Pleasanton, Calif.). Photographic records of fractured surfaces were taken with Polaroid type 52 film. Montages of photomicrographs taken at a magnification of x400 were constructed to document the site and extent of mycelial colonization.
Mushroom production trials. Cropping trials were carried out essentially as outlined by Carroll and Schisler (3) . Compost was prepared according to the short method (23) by using wheat straw-bedded horse manure supplemented with brewer's grain, poultry manure, and gypsum at the rate of 50, 28, and 50 kg per dry metric ton of horse manure, respectively. For spawning, 110 g of rye grain spawn or alginate pellets was mixed with 23 kg of compost and placed in a tray measuring 14 by 60 by 60 cm. Where indicated, each tray of compost was supplemented at spawning with 454 g of Spawn Mate II SE (Spawn Mate Co., Capitola, Calif.). The compost was maintained at 24°C for 13 days for mycelial colonization and then cased with a 3.5-cm-thick layer of peat. For the production trials involving inoculants of the casing, 182 g of either colonized alginate pellets, colonized shredded compost, or millet grain spawn was mixed with 5.5 kg of peat and applied to the surface of the compost in a tray. The temperature was maintained at 24°C in the compost for 6 to 9 days, at which time it was lowered to 18°C to induce the formation of mushrooms. Throughout the cropping cycle, the air temperature was maintained at 18°C, and the casing was routinely watered to field capacity. In an experiment, four or five replicate' trays for each treatment were arranged in an incomplete randomized block design within the growing room. The weight and number of mushrooms harvested from each tray were recorded daily for 21 or 28 days. Statistical analysis of the data was done by using the Waller-Duncan K-ratio t test (24 By using the ELISA to quantify mycelial growth, the structural components of the pellets, specifically 1% alginate, 6% vermiculite, and 2% hygramer, were found to be of no nutritional value to A. bisporus (P = 0.05) ( Table 2) . However, the addition of YPPS broth or Nutrisoy to the formulation resulted in appreciable vegetative growth. The accumulation of fungal biomass was comparable in pellets containing either YPPS broth or 1% Nutrisoy (P = 0.05). A significant increase in mycelial growth resulted when the concentration of Nutrisoy was increased from 1 to 4% (P = 0.05). In experiments designed to determine the optimal concentration of Nutrisoy, fungal growth increased linearly over the range of 0.5 to 4%, with 4% being optimal and higher levels proving inhibitory (P = 0.0001) (Fig. 1) . Similar dose-response curves were obtained with other sources of nutrients, such as brewer's grain and the commercially available mushroom supplements Spawn Mate II SE and Fast Break (data not shown).
Nutrisoy-fortified alginate pellets containing vermiculite and hygramer typically had an ovoid shape, measuring 3 to 4 by 5 to 7 mm. After inoculation, pellets developed profuse mycelial growth on the surface and, when completely colonized, had an appearance that was similar to that of rye grain spawn. After the pellets were shaken to redistribute the inoculum, visible regrowth of mycelium on the pellets was ordinarily observed within 18 to 22 h. Scanning electron microscopic analysis revealed that mycelium had ramified an extensive network of internal cavities through rifts in the surface of the pellets (Fig. 2) .
Alginate pellets as an inoculant of the compost. In two mushroom production trials, A. bisporus-colonized alginate pellets were substituted for conventional rye grain spawn as an inoculant of the compost. In both trials, the extent of mycelial colonization of the compost at 13 days after spawning, the time when casing is applied, was similar for grain spawn and alginate pellets containing 4% Nutrisoy. The yields of mushrooms from unsupplemented compost spawned with grain spawn and alginate pellets containing 4% Nutrisoy were statistically comparable (P = 0.05) ( Table 3) . A slightly weaker colonization of the compost and a lower yield were associated with alginate pellets containing 6% Nutrisoy (P = 0.05). This trend was observed in both experiments, although yields were higher in the second experiment because of the addition of the delayed-release supplement Spawn Mate II SE to the compost (Table 3) . No significant difference in the sizes of mushrooms existed among the treatments (P = 0.05). Mushrooms grown from alginate pellets showed normal development and morphology (Fig. 3, treatments 2 and 3) , being indistinguishable from those arising from grain spawn (Fig. 3, treatment 1 casing with A. bisporus-colonized compost or pellets resulted in a more-rapid growth of the fungus through the casing layer and a 2-to 3-day-earlier appearance of mushrooms than with unamended casing (Fig. 4) . Also, both pellets and compost promoted a more-uniform development of mushrooms, as evidenced by the shortened harvest period required for each rhythmic flush (Fig. 5) . Whereas approximately 4 days were required to harvest the mushrooms at each flush for unamended casing, only 2 to 3 days were needed when the casing was amended with colonized pellets or compost. Moreover, there was a tendency for mushrooms to develop singly rather than in clumps, as was often the situation with unamended casing. After 28 days of production, no significant difference in the yields, morphology, and sizes of mushrooms existed among the treatments, with the exception of millet grain spawn, which was associated with a yield loss and larger mushrooms (P = 0.05) ( Table 4) . Millet grain, although supporting vigorous mycelial growth in the casing layer, failed to induce the earlier and moresynchronous maturation of mushrooms.
DISCUSSION
A synthetic substrate-based delivery system for the cultivation of A. bisporus would allow for greater flexibility and control of those factors which impact vegetative growth and fruiting than is possible with existing substrates. Here, we have described a method whereby mycelium-colonized, nutrient-fortified calcium alginate pellets can be used to seed the growing medium for the production of mushrooms. In this regard, the alginate pellets functioned as an analog of grain spawn and shredded colonized compost, which are employed commercially as inoculants of the compost and casing layer, respectively. Moreover, with alginate pellets as an inoculant, mycelial colonization of the growing medium occurred in a typical fashion and the mushrooms that formed developed normally and showed characteristic size and morphology.
In the traditional immobilization procedure, the organism is grown in liquid culture axenically and then entrapped in pellets as droplets of a mixture of sodium alginate and culture broth contact a calcium solution (2) . In this study, we have produced texturized pellets having an irregular surface and porous internal structure by incorporating vermiculite and hygramer into the alginate formulation. Following their formation, these pellets could be sterilized and inoculated with A. bisporus, in much the same manner as grain spawn is prepared commercially (20) . Microscopic analysis revealed that the fungus invaded interior regions of the pellets by growing through openings in the surface created by the texturizing agents. In addition to the modified immobilization scheme, we inoculated the mushroom-growing medium with hydrated pellets instead of conventional dried pellets. We reasoned that in a hydrated form, the fungus would become more rapidly established in the compost and casing, although we have not evaluated the efficacy of dried pellets. Such a study should consider the use of an osmoregulant such as polyethylene glycol in the drying process, since this compound has been shown to enhance the mycelial growth or sporulation of the biocontrol fungi Tichoderma harzianum and Beauveria bassiana in alginate pellets (14) . We used anti-A. bisporus polyclonal antibodies in an ELISA format as a quantitative assay for fungal biomass. For us, the ELISA was a convenient, expeditious, and highly reproducible test that proved invaluable in optimizing nutrient formulations of pellets for maximal mycelial growth. Our data suggest that polyclonal antibodies to total mycelial antigens are reasonably specific for A. bisporus, crossreacting with only two other mushroom species among twenty phylogenetically diverse fungi. The production of polyclonal and monoclonal antibodies to a wide variety of fungal species has been described previously (1, 4, 6, 11, 13, 17, 21, 26) (22, 25) . We have found that alginate pellets containing 4% soy protein (Nutrisoy) promoted a degree of colonization of the compost comparable to that of conventional grain spawn. Further, a similar yield of mushrooms was obtained from compost spawned with either of these inoculants. The lower productivity associated with 6% Nutrisoy is probably related to the more-limited mycelial invasion of the compost that was noted. We have observed that a low-nutrient status of the pellet produced a more-invasive growth, whereas higher levels supported a dense mycelial growth that had a tendency to remain confined to the pellet rather than growing into the compost. In our opinion, formulations of pellets that improve the rate of colonization of the compost or increase the yield and quality of mushrooms in comparison to grain spawn must be identified before the use of this technology will become cost-effective.
Inoculating the casing layer with pelletized mycelium hastened both the colonization of the casing and the subsequent development of mushrooms. Also, mushrooms emerged more uniformly, and quality was improved because of a diminished clumping of the developing fruiting bodies. The response observed with alginate pellets closely paralleled that obtained with the addition of shredded colonized compost (16) . The earlier and more-synchronous appearance of mushrooms results from the mycelium being uniformly dispersed throughout the casing, thereby allowing it to grow evenly to the surface, regardless of the depth of the casing. With unamended casing, mycelium must traverse the casing layer from the underlying compost to reach the surface, and in doing so, irregularities in the thickness of the casing create uneven surface growth and a delayed and asynchronous formation of mushroom primordia. However, a faster colonization of the casing layer does not fully explain the altered pattern of fruiting obtained with inoculants. Millet grain spawn, although stimulating mycelial growth, did not evoke the early development of mushrooms. This would suggest that vegetative growth and the initiation of primordia are distinct processes, with perhaps the latter being more sensitive to some feature of the inoculant (for example, the nature of the nutrient reserve). Also, in contrast to compost in which a higher nutrient status of the pellet diminished colonization, this was not a factor in the casing layer. Inoculation of the casing with pellets containing 4 and 8% Nutrisoy yielded a similar response. In fact, amending the casing with high levels of nutrients can, under certain circumstances, significantly increase yield (18a). The apparent discrepancy in the importance of the nutrient level on the colonization of compost and casing is unclear but might VOL. 58, 1992 on August 27, 2017 by guest http://aem.asm.org/ Downloaded from involve the large disparity in nutrient status that exists between these two substrates. Presently, the technology described here shows greatest commercial promise as an inoculant of the casing layer. Clearly, seeding the casing with shredded, colonized compost is advantageous with regard to improved quality and ease of harvesting of mushrooms, but it is practiced to only a limited extent commercially because of the disease threat posed by the widespread dispersal of a potentially pathogeninfested substrate. An alginate-based delivery system would offer a pathogen-free mechanism for the large-scale introduction of the fungus into the casing. Additionally, this technology might be used to research the fruiting process of A. bisporus as influenced by factors within the casing layer as well as to potentially deliver bioactive materials to the casing that increase the yield and quality of mushrooms or regulate the development of mushrooms. Broader application of hydrated, texturized alginate pellets might extend to a carrier for the dissemination of biocontrol fungi that are recalcitrant to drying and as a solid support matrix for fermentative fungi, whereby the fungus could be introduced into the bioreactor and the matrix could be colonized in situ.
